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We present a recruitment model for pure and mixed beech and oak stands in Belgium, the ﬁrst empirical model
for this forest type in this geographical area. Data from the Wallonia National Forest Inventory were used to ﬁt
themodel. We adopted a zero-inﬂated formulation wheremodel parameters governing species’ behaviour were
simultaneously ﬁtted. Plot random effects speciﬁc to each species were included, the simultaneous ﬁt allowing
them to correlate. Model predictions proved accurate and corresponded to current ecological knowledge about
the regeneration dynamics of this kind ofmixture.While ourmodel could potentially be used to complement the
existing beech and oak growth models for this region of Europe, our results also show that beech recruits tend
to dominate regardless of the oak share in the overstorey composition and the stand stocking. This conﬁrms
that the beech–oakmixture may not be stable under the conditions of the study area and current management
aimed at promoting continuous forest cover.
Introduction
Recruitment is a fundamental process in forest dynamics that
may entirely shape the type of silviculture applied. Achieving suf-
ﬁcient and properly distributed recruitment is a matter of major
interest among scientists and forestmanagers, as reﬂected in the
various recruitmentmodels that have been published over recent
decades (Fortin & DeBlois, 2007, Manso et al., 2014, Pukkala,
1987, Pukkala & Kolström, 1992, among many others). Further-
more many of these models have been conceived speciﬁcally
as the recruitment module of forest growth simulators, which
allows ﬁnal users to extend stock projections beyond one rotation
in even-age stands or the lifespan of the existing trees in contin-
uous cover forestry (e.g. Coates et al., 2003, Crookston & Dixon,
2005, Fortin & Langevin, 2010).
Beech (Fagus sylvatica L.) and oak (Quercus petraea (Matt.)
Liebl.) mixtures are among the most important mixed forest
types in Europe (Pretzsch et al., 2013). For example, beech–oak
forests account for more than 10 per cent of the mixtures in
France (Morneau et al., 2008). In Belgium, intimate mixtures
of beech and oak exist as a result of two main events. First,
a change in the silviculture paradigm towards continuous
cover forestry at the beginning of the 20th century fostered
beech recruitment. Then, the outburst of the ambrosia beetle
in turn promoted oak recruitment in later years. There is
nowadays an interest in preserving Belgian uneven-age mixed
stands in order to meet social and environmental demands
(Ligot, 2014).
It has traditionally been assumed that the dynamics of beech–
oak stands are mainly governed by light availability, with beech
being more shade-tolerant than oak (Collet et al., 1997, 2001).
According to this view, natural regeneration of these species
could then be managed through silviculture: a progressive felling
schedule would favour beech recruits whereas a more dynamic
approach would tend to be more advantageous for oak recruits
(Dreyer et al., 2005). The ﬁndings of Ligot et al. (2013) in con-
tinuous cover beech–oak mixtures in Belgium suggest other-
wise, as beech recruits tend to outcompete oak recruits under
all light conditions. This would explain why forest managers
often struggle to achieve a species balance through continuous
cover forestry, as the mixture tends to become strongly beech-
dominated (Lupke & Hauskeller-Bullerjahn, 1999). Despite this
fact, there is no operational model in Belgium, or elsewhere,
to help manage natural regeneration for this forest type in this
region of Europe. In contrast, the other processes that deter-
mine beech–oak forest dynamics have already beenmodelled for
management purposes (e.g. survivor growth (Hein&Dhôte, 2006,
Manso et al., 2015a, Monserud & Sterba, 1996), mortality (Manso
et al., 2015b, Monserud & Sterba, 1999) and thinning operations











Table 1 Summary of the data used in the current study.
Mean Min. Max. SD
Pure beech
(n = 391) BA (m2ha−1) 21.13 2.86 41.54 5.59
(prec = 0.2327) N (stemsha−1) 163.24 39.37 954.77 109.83
Nrecruits beech (counts plot−1) 0.64 0 24 1.94
Nrecruits oak (counts plot−1) 0.02 0 2 0.14
Pure oak
(n = 43) BA (m2ha−1) 18.37 8.30 29.52 4.71
(prec = 0.1163) N (stemsha−1) 292.94 60.00 608.46 114.92
Nrecruits beech (counts plot−1) 0.33 0 6 0.99
Nrecruits oak (counts plot−1) 0.14 0 2 0.41
Mixed
(n = 696) BA (m2ha−1) 21.86 8.73 61.72 4.96
(prec beech = 0.3391) %BAoak 26.65 1.35 98.84 22.92
(prec oak = 0.0187) N (stemsha−1) 186.70 50.00 1031.74 106.51
%Noak 73.54 2.17 95.65 22.35
Nrecruits beech (counts plot−1) 1.04 0 30 2.40
Nrecruits oak (counts plot−1) 0.02 0 3 0.20
n is the number of measurement intervals; prec is the proportion of measurement intervals where recruitment was found; BA stands for plot basal
area; N refers to plot density; and Nrecruits is the total number of recruits in a plot.
Ideally, a recruitment model for mixed stands should at
least be able to describe recruit establishment and diameter
or height growth of the recruits, which would allow interspeciﬁc
interactions, typically competition, between recruits to be taken
into account (e.g. Hasenauer & Kindermann, 2002, Ligot et al.,
2013). Unfortunately, the data required to ﬁt such models
are not always available or affordable. As a consequence,
most recruitment models are simpler. In this more common
approach the recruits observed at a given time are directly
and empirically modelled through environmental, climatic or
silvicultural explanatory variables (e.g. Barbeito et al., 2011,
Eerikäinen et al., 2007). The key assumption is that all the
effects that contribute to the establishment, development and
survival of individuals are summarized in the observed state
at the time of data acquisition. This is most convenient as the
model can then be ﬁtted to data collected in standard forest
inventories.
The predictions of such a model should agree with what we
know about regeneration ecology in mixtures (see e.g. Fortin &
DeBlois, 2007, Li et al., 2011) and beech–oak mixtures in par-
ticular (Ligot et al., 2013). We hypothesize that (1) the number
of recruits would decrease with increasing stand stocking due
to light limitation, but that (2) the proportion of recruits from
a given species would increase with the share of that species
in the overstorey, as a result of higher seed availability. Given
the very high shade tolerance of beech individuals and their
greater competition ability over oak individuals, we also expect
that (3) beech recruits would be less sensitive to canopy closure,
where theywould bemore competitive, and thereforemust occur
across a wide range of conditions, and that (4) oak recruits would
only thrive when the proportion of beech in the overstorey is low
enough as to prevent a massive presence of beech recruitment.
The main objective of the present study was to ﬁt a model
for uneven age pure and mixed beech and oak stands using
typical data from forest inventories. In order to accomplish our
objective, we used data from the Wallonia (Belgium) National
Forest Inventory (WNFI) consisting of records from mixed and
pure beech and oak plots. Given the distribution of the data, we
adopted a zero-inﬂated (ZI) approach, where recruit occurrence
and recruit abundance were modelled separately and could be
linked to different ecological processes.
Materials and methods
Data from theWNFIwere used in the present study. The inventory
consisted of circular plots where the diameter at breast height
(DBH; 1.30m) of all trees wasmeasured at uneven intervals rang-
ing from 2 to 14 years between 1978 and 1992. The signiﬁcance
of using this dataset is that these records were collected prior to
the outbreak of ambrosia beetles followed byOphiostoma fungus
infestation that severely affected beech individuals in Belgium
from 2000 onwards (Carlier et al., 2006). Minimum DBH was 12.7
cm (40 cm in circumference). For the purposes of optimizing the
sampling effort, a variable radius plot sampling approach was
adopted. As a result, plot area varied from plot to plot (100–1400
m2), although the vast majority were ∼1000 m2. The number
of established recruits or ingrowth (number of individuals that
reached theminimumDBH) over ameasurement interval in each
plot was recorded. For the purposes of this study we selected
1136 records of beech and oak ingrowth from 588 plots where
either beech or oak (mainly Q. petraea but also Q. robur L.) were
the main species. Of those, 161 corresponded to pure beech
plots, 43 to pure oak plots and 384 to mixed beech–oak plots. All
sampled stands were uneven age. These data are summarized in
Table 1.
Statistical developments
Recruitment is usually represented as a count variable, i.e. num-
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standard distribution, e.g. Poisson, negative binomial, etc.
Because of the nature of the regeneration process, recruitment
data often present a large amount of zero records, i.e. inventory
plots with no recruits. A preliminary check of the WNFI data
showed that zero counts (no recruitment) were present in a
signiﬁcant number of the plots (Table 1). This is especially true for
oak recruits. This implies that the number of zeros is potentially
higher than that expected at random from conventional
distributions traditionally used to model count data. In such
cases, ZI distributions represent a reliable alternative that can
take this ‘excess’ of zeros into consideration (Zeileis et al., 2008).
The principle of ZI distributions is to combine a Bernoulli
process, which deals with the presence/absence (i.e. occurrence)
of individuals in experimental units, with another distribution
able to describe the abundance of individuals. The latter would
be conditional on the former. The type of distribution for the
abundance depends on the nature of the response variable y.
In the case of count data, a distribution that takes only positive,
discrete values is needed, i.e. y ∈ N. The Poisson distribution
fulﬁls these requirements and has often been used in recruitment
studies (e.g. Fortin & DeBlois, 2007, Ledo et al., 2015). The next
developments are based on the hypothesis of Poisson-distributed
data.
Let us assign indices i, j and k to the plot, the measurement
interval and species, respectively. k is categorical, with categories
‘beech’ or ‘oak’. The observed number of established recruits of a
given species in a plot over an interval (Nijk) under the ZI Poisson
(ZIP) assumption has mass
f (Nijk;πijk, λijk)











where, for a given plot, interval and species, πijk is the probability
of occurrence of individuals, λijk is the estimated abundance
mean and qijk is a dummy variable that adopts the value 0 in
the absence of any individuals (i.e. Nijk = 0), and 1 otherwise (i.e.
Nijk > 0).
Parameters πijk and λijk can then be related to a set of stand
variables (X,Z) = (xijk, zijk) thought to have an effect on the
process. Given the nature of πijk and λijk, we used the logit and




λijk = ezijkγk , (3)
where βk and γk are species-speciﬁc vectors of estimable
parameters.
The model likelihood is based on equation 1. Substituting the
expressions in equations 2 and 3 for πijk and λijk, the likelihood
function can be deﬁned as







Pr(Nijk, xijk, zijk | β, γ ), (4)
where N is the vector that groups Nijk.
Due to the hierarchical sampling design typical of forest inven-
tories, observations taken in the same sample plot over time
may not be independent. Failure to meet the independence
assumption may render the inference about the parameters of
the model less reliable (Gregoire et al., 1995). This assumption
can be relaxed through the use of a mixed modelling approach.
We followed this approach by including species-speciﬁc random




λijk = evik+zijkγk , (6)
where uik and vik are random effects that can be expressed in
matrix form as bi = (ui, vi)T . bi is assumed to follow amultivariate
normal distribution so that bi ∼ N4(0,).  is the variance–
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where k = fs stands for beech-related parameters and k = qp
for oak-related ones. Diagonal and off-diagonal components are
the variances and covariances of the elements in bi, respectively.
All these elements are estimable parameters.
The likelihood in equation 4 is no longer valid in the presence
of random effects. Because random effects are unobserved, the
conditional likelihood needs to be marginalized over the distribu-
tion of bi (Pinheiro & Bates, 2000,p.62):
L(β, γ , | N,X,Z)
=∏i ∫ ∏j∏k Pr(Nijk, xijk, zijk | β, γ )pdf (bi,)d bi (8)
where pdf (bi,) is the aforementioned density of the random
effects N4(0,). Parameter estimates can be obtained by max-
imizing equation 8. We computed this calculation using PROC
NLMIXED in SAS (SAS Institute Inc, 2008).
Model speciﬁcation and evaluation
Different candidate predictors were tested to account for the
occurrence and abundance of both species. These covariates
were easily accessible indicators chosen to represent competition
and facilitation of the overstorey over the recruits, such as the
basal area and the proportion of basal area of each species. Given
that interval length and plot area were not constant across the
experiment, these variables were also considered.
Several ﬁts were carried out without random effects, to
independently obtain preliminary models. We used a step-
down approach where the aforementioned covariates entered
the model sequentially. Each additional covariate was kept
if signiﬁcant. The Pearson residuals of these models were
visually inspected to check for any undesirable pattern and to
make sure that a correct set of covariates had been selected.
Pearson residuals for the binomial case were computed over












covariate, we deﬁned a subset of observed events as well as
their corresponding predicted probabilities. If y¯g and ¯ˆyg are the
means of the observations and the predictions, respectively, then
the Pearson residual for interval g (resg) can be calculated as
resg =
y¯g − ¯ˆyg√ ¯ˆyg(1− ¯ˆyg)/ng
. (9)
In the case of the Poisson distribution, model residuals were
standardized as
resijk = yijk − yˆijk√
yˆijk
. (10)
The followingmodelswere found tomeet the aforementioned
criteria:








xij,qpβqp = βqp,0 + βqp,1 BAij,qpBAij 100 (12)
zij,fsγfs = γfs,0 + γfs,1BAij,fs + γfs,2BAij,qp + γfs,3PAi + γfs,4tj (13)
zij,qpγqp = γqp,0, (14)




proportion of BA of oak individuals, tj is the interval length and
PAi is the plot area.
The ﬁxed-effect structures in equations 11 to 14 were used
in the marginalized likelihood in equation 8 to simultaneously
estimate β, γ and . The degree of improvement attained when
using random effects was assessed by comparing the Akaike
Information Criterion (AIC) of the ﬁxed-effect and mixed-effect
models. We additionally compared the expected ZIP distribution
based on these estimates with the observed distribution of the
data in order to assess the overall performance of themodel. The
expected value of a ZIP distribution is Ê[yijk] = πˆijkλˆijk. However,
marginal predictions from mixed-models are not population-
averaged (McCulloch et al., 2008, p.190), which implies that
they may present a certain bias. This bias was corrected by
integrating the predictions over the distribution of the random
effects. Given the normality assumption of the latter, it is possible
to approximate this integral numerically through the Gauss–
Hermite quadrature (Fortin, 2013).
Results
We only managed to include random effects in the abundance
submodel (vik) as the optimization algorithm failed to converge
otherwise. Considering only those random effects improved the
model ﬁt notably (AICs 995.6 and 755.7 without and with ran-
dom effects, respectively). The expected ZIP distribution closely
mirrored the observed distribution of counts for both beech and
oak recruits (Figure 1).
Concerning the ﬁxed effects, the probability of occurrence of
beech recruits increasedwith decreasing beech BA and reached a
Table 2 Maximum likelihood parameters estimates and standard errors
of the recruitment model.














σ 2vfs 0.8762 −
σ 2vqp 0.7972 −
σvfs ,vqp −0.2187 −
maximumwith an optimal proportion of oak BA in the overstorey
(50 per cent). Longermeasurement intervals also favoured beech
recruitment occurrence. The probability of observing oak recruits
was very low across the study area. Although this probability
increasedwith the proportion of oak BAup to 0.5 in pure oak plots,
this situation is not well represented in the dataset; hence, the
reliability of this variable cannot be guaranteed over all its range.
The effects on occurrence probability are shown in Figure 2. In the
case of abundance, beech recruitment seems to be hindered by
both beech and oak increasing plot BA (Figure 3). Nomajor factor
was found to drive oak abundance, which was set to its expected
value (intercept model). The model parameter estimates are
shown in Table 2.
Given that all processes essentially depend on BA composition
with the exception of oak abundance (constant), it is possible
to illustrate occurrence probability and expected recruitment
through a continuous BA gradient across the range of observed
stands. Time interval was set to 10 years and plot area to 1000
m2 in the case of beech, whereas the values are simply per plot
in the case of oak.
Figure 4 shows that the predicted probability of observing
beech recruits in a plot is relatively high for the whole range,
reaching 0.8 in mixed stands of balanced species composition
and low BA (∼ 10m2ha−1). That probability only drops from0.5 at
very dense and pure beech plots. In the case of oak, the lines of
equal probability of occurrence describe straight lines that pass
through the origin, which in turn represent equal proportions of
beech–oak BA. The probability increases as the proportion of oak
BA increases but it is always below 0.5 for the whole range.
The expected number of recruits (Ê[yijk] = πˆijkλˆijk) is given in
Figure 5. The number of beech recruits increases with decreasing
plot BA; the increment itself also rising as BA declines. Given that
λˆij,qp is constant for oak, the pattern found for the number of oak
recruits basicallymirrors that of the probability of occurrence. The
expectation is though quite low across the range of BA. A pure
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Figure 1 Observed and expected probability of recruit counts for beech (left) and oak (right).
Figure 2 Probability of occurrence of beech recruits (left and centre) and oak recruits (right) against different covariates. Interval length was set to its
mean value.
∼0.12 recruits on average. In other words, one would need to
inspect more than eight of these plots to ﬁnd a single oak recruit
on average.
Discussion
In the present paper, we introduced a recruitment model for
pure and mixed stands of beech and oak in Belgium. Although
speciﬁcally calibrated for Northwestern Europe, this is, to the best
of our knowledge, the ﬁrst recruitment model for the beech–
oak mixture. From a technical point of view, we were able to
simultaneously ﬁt ZIP models for both species. This allowed us
to include correlated plot random effects in both abundance
submodels, which contributes to the originality of this work.
Our ﬁrst hypothesis stated that the number of recruits should
decrease when the stand stocking increases as a result of a
reduction in light availability. Our results clearly support this in the
case of beech but not in the case of oak. There are two aspects
that may be relevant to explain this fact. Firstly, the greater com-
petition for light exerted by adult beech trees (Aussenac&Ducrey,
1991, Leuschner et al., 2001)may create light conditions inmixed
overstoreys to which a shade-intermediate species like oak is not
fully adapted. Second, and more importantly, the presence of
beech recruits would strongly condition oak recruitment success,
as beech individuals would outcompete oak individuals (Ligot
et al., 2013). Therefore the expected variation of the number of
oak recruits with BA would only be likely to be observed in pure
oak plots, which are poorly represented in the dataset.
Our second hypothesis, the proportion of recruits from a given
species should increase with the proportion of that species’ BA
in the overstorey, was only partially met. While the hypothe-
sis held true in the case of oak, beech recruitment behaviour
requires a more complex interpretation. In the ﬁrst place, our
model predicts a larger number of beech recruits in near-to-
pure oak plots than in near-to-pure beech plots, especially at












Figure 3 Abundance of beech recruits against different covariates. Note that these predictions are conditional to beech recruit occurrence. Interval
length and plot size were set to their mean values.
Figure 4 Probability of occurrence of beech recruits (left) and oak recruits (right) across the range of observed oak and beech basal area. Interval
length was set to 10 years.
adult beech trees in a pure overstorey may hinder even con-
speciﬁc, shade-tolerant recruits from thriving on the forest ﬂoor.
This is in agreement with Van Couwenberghe et al. (2013), who
observed a substantially more important height growth of beech
seedlings in oak-dominated stands than in beech-dominated
stands. Secondly, the number of expected beech recruits reaches
a maximum at intermediate proportions of oak BA. This could be
due to the facilitation effect of oak overstorey observed by Río
et al. (2014) and Pretzsch et al. (2013) or be down to the fact that
this is a halfway situation between strong overstorey competition
in beech-dominated plots and a certain degree of beech seed
limitation in oak-dominated plots.
The expected number of beech recruits is non-negligible
in most situations across the range of the data. In fact, the
expected probability of observing a beech recruit is greater than
0.5 for most stand stockings and BA compositions. This reﬂects
the typical ability of the species to colonize the understorey (see
Petritan et al., 2014, and references herein) and outcompete
oak individuals (Ligot et al., 2013), which supports our third
hypothesis. The strong competition exerted by beech recruits led
us to postulate our fourth hypothesis: oak recruits would only be
successful if the density of beech recruits is relatively low, which
is most likely to happen in highly oak-dominated plots. Although
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Figure 5 Expected number of beech recruits (left) and oak recruits (right) across the range of observed oak and beech basal area. Interval length and
plot size were set to 10 years and 1000m2ha−1, respectively.
the number of oak recruits reaches its maximum in these kind of
situations.
There are some limitations to the use of this model. Abundant
oak recruitment in mature pure oak plots with low BA should in
theory be possible in the absence of competing beech recruits,
which in turn will be expected if there are no beech mother trees
in close proximity to the plot. This situation seems not to be
properly covered by the model. Firstly, there are few pure oak
plots in the dataset. Secondly, the arrival of foreign beech seeds
to these pure oak plots from nearby areas seems common in the
dataset. As a consequence, the model will always tend to pre-
dict the establishment of mixed recruits with outcompeted oak
individuals, regardless of the presence of beech trees nearby the
plot. Due to this limitation, we discourage the use of the model
to make predictions in plots embedded in large pure oak stands.
In this respect, care also needs to be taken in areas with very low
total BA. Our model predicts that the best conditions for beech
recruits are met when total basal area is reduced to zero without
regard to previous plot or stand history. This fact probably reﬂects
circumstances where catastrophic mortality has occurred in the
overstorey. However, if a plot within a large pure oak area is
blown down, one would not expect a beech understorey to take
over.
Another aspect that needs to be taken into account when
using the model is plot size. It seems reasonable that both the
probability of observing at least one recruit in a plot, and the
number of recruits itself, increase with plot size. However, we
could not ﬁnd a size effect either in the occurrence model for
beech or in any of the models for oak. This could be explained
by the fact that beech recruits may be distributed in a patchy
pattern and therefore plot size is of relatively little relevance in
terms of occurrence. In the case of oak, the situation could be
the inverse: there were so few individuals that the range of plot
sizes did not make a difference. Similar reasons may explain why
the effect of interval length was only present in the occurrence
model for beech.
Regardless of the reasons, the lack of a plot size effect in the
oak model could in theory be an issue if the predictions (recruits
plot−1) were upscaled to the stand level (recruits ha−1), as there
would not be a reference plot size. The problem is not such in
practice, given the scarcity of oak recruits. Oak recruitment pre-
dictions are∼0.12 recruits plot−1 at the very best. This translates
into 1.2 recruits ha−1 for a 1000 m2 plot and 2.4 recruits ha−1
for a 500 m2 plot, the difference between these values being
negligible. We nevertheless explored a different solution to work
around this problem by modelling the density of recruits (e.g.
recruits m−2). The Gamma distribution, which is continuous and
deﬁned on (0,∞), was used in the abundance part. We expected
to not need plot size effects under this approach. However, a
strong, negative plot size effect on the density of oak recruits was
found. This can be explained by the fact thatmost oak counts are
1 in our dataset. Therefore, a 500m2 plotwill have a higher recruit
density (1/500 recruitsm−2) than a 1000m2 plot (1/1000 recruits
m−2), providing there is recruitment at all. We see this as a rather
counter-intuitive notion that reveals, through a mathematical
artefact, the extremely low frequency of oak recruits across the
study area. We consider that the ZIP approach provides a more
straightforward yet safe output. Our suggestion in this respect
would be to consider a 1000 m2 plot for upscaling purposes, as
this is the best represented plot size in our dataset.
Focusing now on the two subprocesses considered by the
model, occurrence has usually been related to limiting climatic
or environmental factors (e.g. light, (Ledo et al., 2015) or latitude
and altitude, (Lexerod & Eid, 2005)) and some stand variables
like basal area in ZIP recruitment models, while abundance has
been linked to stand covariates (e.g. Eerikäinen et al., 2007).
Despite the fact that the climatic and environmental variables
were relatively homogeneous across our study area, we showed
that it is still possible to ecologically interpret the occurrence and
the abundance processes in terms of stand data. This has been
done before (e.g. Fortin & DeBlois, 2007, Li et al., 2011), although












Among the existing recruitment models for mixed stands,
simultaneous estimation of the parameters linked to each
species with random effects has rarely been attempted. We are
only aware of the work by Eerikäinen et al. (2007), where three
mono-speciﬁc generalized linear mixed models were simultane-
ously ﬁtted. We went a step further as we simultaneously ﬁtted
occurrence and abundancemodels in amulti-species framework
(two species in our case). Simultaneous parameter estimation
has the advantage of allowing the parameters of the different
models, which includes the variance of the random effects, to
correlate. Correlation between the random effects may provide
some insight into the variability not explained by the ﬁxed effects.
For example, a positive correlation could be interpreted as some
factors unaccounted for by the model tend to favour (or to
reduce the success of) both species simultaneously. A negative
correlation may imply that those unexplained factors promote
one of the species to the detriment of the other, or that the
competition ability for a resource not properly considered through
the ﬁxed effects differs between the species. Little correlated
random effects may indicate that any unexplained factor affects
the two species independently. In our case, this correlation can
be roughly estimated as ρˆvfs ,vqp = σˆvfs ,vqp/σˆ 2vfs σˆ 2vqp = −0.3131.
However, the model likelihood was essentially the same when
ρˆvfs ,vqp was set to zero, which suggests that the correlation was
nonsigniﬁcant.
From a management point of view, our model may prove
useful in the framework of growth simulators for the two species
concerned in Northwestern Europe. However, our results con-
ﬁrm that the control of the canopy opening alone cannot guar-
antee an adequate species balance of recruits in continuous
cover forestry, oak individuals being relegated to an insigniﬁ-
cant fraction in the mixture. In this respect, dendrochronological
analysis suggests that oak was favoured in the past by major
and frequent disturbances, whereas continuous cover forestry
is inevitably leading to beech-dominated stands (Petritan et al.,
2017). The predictions from our model, in combination with
the fact that adult oak individuals do not outperform beech
individuals in terms of growth (Manso et al., 2015a) or mor-
tality (Manso et al., 2015b), support these conclusions as well.
It may well be that beech–oak stands where the two species
occur in intimate mixture are a transitional stage between oak-
dominated stands and beech-dominated stands. Despite all the
acknowledged beneﬁts of mixed forests, a change of manage-
ment paradigm may be needed in the beech–oak case to favour
large mono-speciﬁc patches through a group system silvicultural
approach.
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